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NOTICES

When U. S. Government drawings, specifications, or other data
are used for any purpose other than a definitely related Government pro=-
curement operation, the Government thereby incurs no responsibility nor
any obligation whatsoever, and the fact that the government may have
formulated, furnished, or in any way supplied the said drawings, speci-
fications, or other data, is not to be regarded by implication or other-
wise, or in any manner licensing the holder or any other person or
corporation, or conveying any rights or permission to manufacture, use,
or sell any patened invention that may in any way be related thereto.

Qualified users may obtain copies of this report from the Defense
Documentation Center.

Defense Documentation Center release to the Clearinghouse for
Federal Scientific and Technical Information (formerly OTS) is not
authorized. Foreign announcement and dissemination by the Defense
Documentation Center is not authorized. Release to foreign nations is
not authorized.

DDC release to OI'S is not authorized in order to prevent foreign
announcement and distribution of this report. The distribution of this
report is limited because it contains technology identifiable with iteas
on the strategic embargo lists excluded from export or re-export under
U. S. Export Control Act of 1949 (63 STAT. 7), as amended (50 U. 8. O.
App. 2020, 2031), as implemented by AFR L00-10.

Copies of this report should not be returned to the Research
and Technology Division unless return is required by security considera-
tions, contractual obligations or notice on a specific document.

This report is being published prior to Air Force review. The
publication of this report, therefore, does not constitute approval by
the Air Force of the findings or conclusions contained herein. It is
published for the exchange and stimulation of ideas.
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FOREWORD !

This report was prepared by the Westinghouse Electric Corporationm, hd
Westinghouse Research laboratories, Insulation & Chemical Technology '
Department, Beulah Road, Churchill Borough, Pittsburgh, Pennsylvania i
15235, under USAF Contract No. AF 33 (615)-2618. The contract was
initiaeted under Project 3145, "Dynamic Energy Conversion Technology,"
Task 314502, "Solar Dynamic Power Units." The contract is being con- -
tinued under Project 8128, "Power Conversion Conditioning and Trans- -
mission Technology," Task 812802, "Mechanical Power Transmission and y
Control and Project 304k, "Aerospace Lubrication," Task 304402, "Advanced "3,
Propulsion ILubrication Engineering." The work is being administered "
under the direction of the Air Force Aero Propulsion laboratory, Reseerch
and Technology Division, with Mr. J. S. Cunningham acting as project :
engineer. Accordingly, questions relative to this work may be directed $»‘
to:

B &= o o &R R

Air Force Aero Propulsion Laboratory
ATTN: APFL (Mr. J. S. Cunningham) —
Wright-Patterson Air Force Base, Chio 45u33 v

This report covers work conducted from 1 March 1967 to 1 June 1967. W

Approved for:
Westinghouse Electric Corporation

ﬁ‘i A 2 é& L/Z/ ;—;cgesim For !

Daniel Berg, Manager
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g ABSTRACT

5 This report describes progress during the eighth quarterly period :.
in a program designed to develop a solid film lubricated ball beering :3;

Ea system capable of operation under high speed, high temperature oxidiz- zs:
ing conditions. The program's ultimate goal is long-term ball bearing ,:f‘
operation at 1500°F and speeds of 10,000 to 30,000 rpm under atmospheric %

5 conditions simulating sea-level to 200,000 ft altitudes. A second pro- ‘f“

gram cbjective is to provide parametric design data relating the operat- ke

§ ing life, load, bearing size, speed, temperature and environment of W
these bearing systems. i

;k, In the materials development area, this report describes further X
* efforts towards improving the high temperature friction-wear character- %':
ﬁ istics of unique gelf-lubricating composites employing WSe2 or wse in ¥
combination with a gallium alloy. ’

. In the area of functional testing, the results of thirty-three ,:;
g: tests on 204 and 207 ball bearings that were evaluated during this ;{:
reporting period are described. The bearings were operated at tempera- E:*

u tures up to 900°F and speeds of 10,600 rpm. Two significent results obtained K
during this reporting period are the operation of (1) a 207 ball bearing %

a in 600°P-air at 10,600 rpm for a period of 105 hours, and (2) an identi- -
cal bearing system at 10,600 rpm in a 900°l" environment for a period of :3:

g 38 hours. In both cases the bearing carried a 50 1b thrust/50 1b ¥
~ radial load. g
y
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I. INTRODUCTION

Proper lubrication is a prime requisite for the successful operation

of any load-bearing surface that undergoes a relative motion between
itself and a second component of a system. But, when the load-bearing
surface is exposed to a high-temperature oxidizing environment, the
Jubrication problem is greatly complicated by the effect of environment
on the lubricent. Two major effects result from such an environment:
First, there is a loss of conventional lubricants through evaporation
and chemical decomposition. Secondly, through an oxidation process,
solid lubricants are transformed to relatively abrasive metal oxides.
The resulting substantial increase in friction eventually brings about
the catastrophic failure of the load-bearing system by means of a wear
mechanism.

This program 1s designed to develop solid film lubrication systems
capable of long term operation in atmospheres characteristic of those
from sea level to 200,000 ft, at temperatures from =45 to +1500°F, and
at speeds approaching 30,000 rpm. The program has two major objectives:

l. To optimize the physical properties of certain unique, self-
lubricating composites and thereby provide materials that are both
phyeically and chemically capable of functioning as self-lubricating
load-bearing surfaces in an extreme-temperature oxidizing environment.

2. To functionally evaluate the performance of high-speed ball
bearings utilizing these composites as self-lubricating retainers.
Parametric design data relating the operating life, load, bearing size,
speed, temperature, and atmospheric environments is being obtained.

The materials optimization portion of the overall effort has
emphasized the evaluvation of candidate materisls with respect to fric-
tion coefficients, wear resistance, mechanical gtrength and oxidation
resistance. The effect of elevated temperature, oxidizing environments
on the friction-wear characteristics of candidate composites under high
sliding velocities is also being determined.

The functional test portion of the program, in a step-wise approach,

is designed to demonstrate long-term operation at successively higher
temperatures of 600, 900, 1200, and 1500°F.
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20 II. EXPERIMENTAL ¢
RN SAc e AR AN
i A. Materials Support Program E

X 1. Metal Fillers

i§ As reported in Quarterly Progress Report #5,(1) it had been
e discovered that the incorporation of a 20% (wt) concentration of Cu and
W powders (1:1 ratio) as a metal filler in the WSz/GaIn composite

:E: resulted in an increase in compressive strength from 15000 psi to 26000 5
EE': psi. Furthermore, use of the same filler in an identical concentration

Q::f and ratio in the WSee/GaIn composite increased its average compressive @
; strength from 20000 psi to 47000 psi. During this reporting period the

é} effect on composite strength of metal-filler combinations other than %
Cu-W was determined in a study that included the use of the fillers in

b concentrations of both 10 and 20% (wt). All specimens were fabricated E
:: at room temperature and pressures of 50,000 psi. Fillers included in

c the study were Cu with Ta, Mo, and Ag and Ni with W, Ta, Mo and Ag. The :@
j filler blend ratio was 1:1 in all cases. The results of compressive

X strength tests run on these specimens is given in Table I. It will be

noted that a slight improvement in strength was achieved over the basic
WSQ/GaIn composite in all cases involving a copper-metal filler. None
thy of the materials, however, matched the compressive strength of the Cu-W

amE o=y KX

& filled WS,/GaIn composite (25,900 psi) described previously. It is

" also seen from these data that the substitution of nickel for copper in

:E these various filler blends resulted in severe pellet cracking and

‘E: delamination during the final 1000°F cycle of their cure. Based on a
’.f: these data, 1t was decided to concentrate any further studies of blended

filler composites to the Cu=-W system. ﬁ
»" In Table II the results of experiments investigating the use of

.1 lower concentrations of Cu and Cu-W fillers in both wSee/GaIn and

*, WS2/GaIn composites are given. The need for these tests will be detasiled E

in the Functional Test Section of this progress summary. For each com-

E: posite composition pellets were fabricated where possible at four g
:. different pressures. All specimens were prepared at room temperature

:a' and contained 90% (wt) of the basic lubricant-gallium/indium aggregste. gﬂ
i
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In the case of Cu and Cu-W filled Wse/GaIn composites, it was found that "!!'i‘

compressive strengths could be held at the 18000 to 20000 psi level with s:x.,r“.:.

" the use of only 10% (wt) filler. In this concentration, however, no :::;:
z advantage was found in the use of a Cu-W blend rather than copper only. :9-!"
A marked decrease in strength was observed when 5% (wt) less gallium/ oi

. indium was used in the WSe/GeIn aggregate. Upon substitution of WSe2 “ﬁ;
for W82 in the same series of experiments, it was found that the Cu=W “

o filler provided stronger composites than those utilizing Cu only, :::
; particularly when the specimens were fabriceted at 50,000 psi or less. -‘.0,§
» In view of these encouraging results with regard to composite strength,
? the various formulations were further evaluated on the Hohman friction=- ::'3
- wear apparatus over a 900°F temperature range. The results of these E%
if tests are summarized in Table III. It will be noted that all composi=- o
tions provided good to excellent wear resistance from room temperature 3{:

;: to 900°F under high surface speed conditions. The wear results at 900°F '::
- are misleading, however, unless evaluated in conjunction with the friction ‘
coefficient and the type of film deposits on the shaft surface. It ;ﬂ?

will be noted that at 900°F friction coefficients increase sharply as u:

filler content exceeds 10% (wt). This is not the case at 600°F, where ’:;

oxidation of the film is far less severe. In general, poorer filming 'é:

ability was exhibited by those compositions containing 20% (wt) or h&'j

more filler. Finally, in all ceses the w32 based compositions demon- :“\,’

strated slightly better wear resistance and filming ability then their %f.'::z

“ WSe2 counterpart. The effect of these higher friction coefficients ‘,::Q;
and lower filming tendencies on 900°F bearing operation will be discussed %s‘*

% in more detail in the Functional Test Section of this report. ‘:5::
2. WSep Synthesis and WSep/GaIn Aggregate Preparation :i:;f

‘ During this reporting period a program designed to study the effect "‘:':':
_ of synthesis temperature, ball-milling time, and curing cycle on the ,
. physical and lubricating characteristics of the WSee/GaIn composite was ‘;'.:',
completed. Tungsten diselenide, synthesized at both 930 and 1380°F iy

& maximum temperature were combined with the gallium-indium eutectic by ,'f
. ball-milling for periods ranging from 15 minutes to 90 minutes. The .w
",

”
3 s‘_f':‘
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aggregate was then fabricated at various pressures into 1/2" diameter
pellets and evaluated with regard to compressive strength. The results
of these experiments are tabulated in Table IV. It was found that
reducing ball-milling time from 60 minutes to 15 or 30 minutes causes
the compressive strength of the composite to be far more sensitive to
fabricating pressure regardless of the temperature at which the tungsten
diselenide is synthesized. For composites fabricated from material ball-
milled 30 minutes or less, adequate mechanical strength can be achieved
only by fabrication at 100,000 psi. From the data it is also clear

that a 60 and a 90 minute minimum ball-milling period is required for
the 1380°F and the 930°F material respectively before this observed
dependence on fabricating pressure is eliminated. Based on these data,
it seems apparent that there is no basis for modifying either the
technique used in synthesizing WSe2 or the ball-milling procedure used
in preparing the WSez/GaIn aggregate. It is also apparent that changing
one or both of these parameters can greatly alter composite properties.
These procedures will therefore remain unchanged and are as follows:

WSe, Synthesis - 15 hour anneal at 1380°F
WSee/GaIn Preparation -
Ball Milling - 60 minutes minimum
Speed - 75 rpm
Charge - 600 gms
Volume - 1 quart mill -~ 50 rollers 3/4"

diemeter x 1"

In conjunction with the above experiments, it was also decided
to evaluate the various preparations with regard to their high speed
wear resistance at 900°F. The experiments were conducted on the Hohman
tester at 2550 fpm and a 3 1b line contact on a l/h" face. Similar
experiments had previously shown that the WSea/GeIn composite suffered
a sharp increase in vear rate (scar = 16 mm) at the 900°F temperature
level (See Test #1, Table V). It was quite surprising, therefore, to
discover that WSea/GeIn specimens made from material employing WSe,
synthesized at 930°F apparently exhibited an excellent wear resistance
(scar = 3-1/2 mm) at 900°F. The result was reproducible and held true

i g j.x.' S5 OV ' \«-._ .,-r. X .;u-.;'"
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for both 15 and 30 minute ball-milled material. In addition, specimens
made from standard WSe, (1380°F synthesis) but ball-milled only 15
minutes also demonstrated excellent 900°F wvear resistance. In both
K cases the specimens had been given a maximum cure of lO30°F. In view
of these results, a set of 20k rings were fabricated employing 930°F
HSee. After exposing the rings to a cure identical to that given the
previous specimens, they were cut into Hohmen blocks and their wear
B, characteristics measured at 900°F. The results of these tests are
listed in Table V as tests #5 through #7. It is apparent that these
results correspond to the high wear rates observed prior to this investi-
4 gation, giving wear scars > 15 mm. In addition, specimens cut from a
207 size ring using standard WSe2 also exhibited the 900°F high wear
\ characteristic.
To establish if either WSe, synthesis temperature or WSea/GeIn
:s curing temperature were responsible for providing the improved wear
rates observed in earlier tests, four specimens were prepared in which
ball-milling time was held constant at 90 minutes while synthesis
temperature and curing cycle were veried. All specimens gave excellent
vear rates at 900°F.
Based on these first 13 tests, it appeared that none of the
parameters thus far investigated, including balle-mill time, curing cycle,

> e

- or synthesis temperature, could explain the excellent wear observed in
some samples and the poor wear observed in others. It was noted,

o however, that high wear was always obtained in samples cut from large

rings while low wear was consistently measured on specimens fabricated

as blocks suitable for immediate screening on the Hohman test. Test #7

had apparently eliminated the possibility that a surface coating, formed

- on the blocks during the curing cycle, caused low weer; a coating which

T

N R e

.

ty was naturally lost by cutting the specimens from rings. It was therefore
decided to determine if fabricating pressure - the only remaining

P

o
N

u variable - was responsible for the widely varying wear rastes. It had Q&
been established that all blocks had been fabricated at a pressure of Q,E

" 25,000 psi while the 204 and 207 size rings had been made under a (X%
pressure of 43,000 psi. A series of five blocks were therefore fabricated ,éi
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over a pressure range of 14,500 to 60,000 psi. The specimens were made

R

from the same batch of material and cured simultaneously to lO30°F. High u |
,: speed wear measurements on these pellets, given in Table VI, revealed E ‘
i that those samples fabricated at 35,000 psi or higher exhibited high wear it;
K characteristics. A series of 204 rings were therefore prepared at pres- "
' sures ranging from 11,500 psi to 23,000 psi with the expectation that
g specimens cut from any of thesec rings should exhibit low wear character- 55;
N istics. As shown in Table VI, tests #23 through #26, high wear charac- :
g teristics were obtained from all rings. Eaf

411

As a final effort to resolve the problem, 1/10
the face of two blocks that had given low wear at 900°F and the samples
K re-run. In both cases, & high wear characteristic was obtained. These

was removed from

¢ last two tests, therefore, confirm that the low wear characteristic

== &3

observed in specimens made as a block is indeed caused by a surface
coating formed on the sample during the curing cycle. The depth of
penetration of this coating, however, is a function of the pressure at

Y

which the sample is fabricated. Thus, for specimens made at 25,000 psi
or less, the porosity of the plece is such that the coating can penetrate
into the body to a depth sufficient to provide low wear at 900°F.
Reproducibility was obtained because the block was simply reversed for

P R

-y
coay Y

T N e Y,

the second test. Block specimens fabricated at pressures greater than
25,000 psi are less porous, causing thinner surface coatings and prog-
ressively higher wear rates. Naturally, specimens cut from rings,
regardless of the pressure at which they were made, will always exhibit
high wear due to the absence of the surface coat. Test #7, made on the
outer surface of a ring, which contained this coating, did not exhibit
low wear because the ring had been fabricated at 43,000 psi, giving a

- -

2 -~ R Y

relatively non-porous body.

In Table VII it is interesting to note that the lack of a surface
coating does not deleteriously affect the wear characteristic of either
N the wse/GaIn composite or metgl-filled composites. This suggests that
the basic WSee/GaIn composite is perhaps filming metal surfaces too
heavily. At 900°F, the oxidation of this film presents a relatively
abrasive surface to the block (or retainer) face causing a sharp increase
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in wear rate. Recent experiments have indicated that the addition of
fillers, such as Cu, Ag, and CaF,, in concentrations of 2 to 5% (wt),

do in fact improve the high temperature wear resistance of the WSea/GaIn
composite. The following table illustrates this effect.

- XX

.; e d
[ nond
vat ot

WEAR RESISTANCE AT 900°F OF FILLED WSeQ/GaIn COMPOSITES
2550 fpm - 3 1b load on 1/L" face

-

i:: :13 Composition Friction Scar
3:, i Wt ﬁ Coefficient Dia, « mm
97-1/2% Wse,/GaIn - 2-1/2% Cu 0.1k Y
' '3; 95% WSe,/GaIn - 5% Ag 0.25 9=1/2
5 47-1/2% WSe,/GaIn - UT-1/2% WS,/GalIn -
& N 5% Cu 0.1k 4
il & 99% WSe,/GaIn - 1% CaF, 0.11 Y
& _ 98% WSe2/GaIn - 2% CaF, 0.25 6-1/2
:3 As will be seen from the results of functional tests on these

materials, however, additional development is required before optimum

combinations are achieved.

3

B. Functional Test Program
1. High Temperature Bearings

ey

.
L K&
At

T,

h Figures 1 and 2 present the designs of the 204 size bearings being
oy ! fabricated for the 1500°F functional test work. Bearing rings and balls
~ are of K-162 B Kentanium. Bearings of the first design (Figure 1) are
i F‘.: similar to those currently on test in the 600 and 900°F programs,

i although radial clearances have been increased and the bearing width

g 5 changed from 0.550 to 0.984". The second design, Figure 2, employs

% ' an angular contact ball bearing with the inner race relieved. Iubri-
'::: ;;1 cant recesses have been included in this design to permit installation
LR of lubricant "rails" in the outer ring. It is planned to use this

::. ﬁ design primarily for 21000 rpm testing.

;E 2. High Speed Films of Retainer Action at 21,500 rpm

::' g In an attempt to establish if cage density (and, as a result,

';;‘ unbalance) or ball density is responsible for the cage instability

i
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he observed at speeds of 21,500 rpm, a series of high speed films were
obtained of the following systems:

er‘:s (a) Graphite Retainer - 8 M2 balls P
& (b) Graphite Retainer - 8 TiC balls g
R (c) WSe,/GaIn Retainer - 8 TiC balls ]
™ The film was taken at 4000 frames/sec while the bearings were operating 5;
gg at room temperature and a load of 50 lbs thrust/SO lbs radial. The '
%& film has been forwarded to the Aero Propulsion laboratory, WPAFB, for gg
Yo evaluation.

o 3. High Temperature Test Facilities

The fabrication of the necessary components for construction of two

high temperature test spindles has been completed. The parts, which

i include shafts, test bearing housing, loading devices, and associated
?2 hardware, were machined from Rene 4l. Assembly of these test stands
will be completed during the next reporting period. In addition, the
fabrication of inserts and adapters required for functional testing of
206 - Stellite bearings at 1200°F has been completed. Twenty-four of
these bearings are availaeble for test purposes.

ax, W 258 B8 S

:}g 4., Functional Test Results

ot A total of thirty-three tests on 204 and 207 size ball bearings

gg were performed during this reporting period. The results of these tests ii
:éz are summarized in Tables VIII and IX. With regard to the 204 system, all

ﬁ” tests were operated at a speed of 10,600 rpm and, with the exception of gs
" a room temperature life test, at a temperature of 900°F. The primary

“;: purpose of 204 testing in this period was to evaluate their 900°F per-
o formance when equipped with self-lubricating retainers employing various

metal fillers. These fillers were employed in an attempt to improve both
wear resistance and mechanical strength. 1In general, the 900°F life

-
»‘,:‘ﬂ"!:

N and operating characteristic of metal-filled retainers were found to %B
1

*%, be poorer than those of retainers fabricated from the basic solid &
*3

f{ lubricant-gallium/indium composites. It is emphasized here that this

deterioration of performance observed with the use of filled retainers
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at 900°F may not apply for the =4O to 600°F temperature range. Supporting
evidence for this belief is Run #191, which provided a life of 362 hours
on a metal-filled retainer system at room temperature. This is a 60 kﬁi
hour improvement over the life obtained with the basic WSe,/Caln retainer A
under identical operating conditions. In addition, Hohman data *
(Table III) on these materials shows that little if any increase in X
friction or wear is observed in moving from room temperature to 600°F. eﬁi
Only upon reaching 900°F does the material suffer a sharp increase in !ﬁﬁ
friction coefficient. i
It is the authors' belief that the reason behind the reduction in {*
life observed with metal-filled composites lies in the f :t that 900°F ‘%A
is well beyond the threshold oxidation temperature of the solid lubricants ‘4ﬁ
currently being employed. Solid lubricant films being transferred to s
the bearing surfaces are therefore required to handle a far more diffi- .
cult lubrication Job at 900°F than at 600°F, particularly under the ii
operating conditions involved. The greater reservoir of lubricant
available, therefore, the more efficiently can the lubrication problem
be handled. The basic solid lubricant-gallium/indium alloy composite :
itself already contains 20% (wt) filler (GaIn). Incorporation of an gé
additional 20% filler reduces the material available for lubrication 2
purposes by an additional 25%. This reduction in lubricant
content to 60% is evidently too low to effectively prevent bearing wear
at 900°F and high load-high speed conditions. An example of this is
found in a comparison of Runs #188 and 191. Employing a Cu-W filled
retainer, the bearing components from Run #188 suffered the following -
wear at 9OOPF after only 6 minutes of operation:

A

ol ==

-
Lo -~
> 2

inner race =-0.004 gms ;&

W outer race «0.143 gms 5
% balls (8) -0.275 gms cumulative e
t.\

& On the other hand, in Run #191 the same retainer material satisfactorily 15
o

ﬁ lubricated & ball bearing operating under the same conditions for 362 'tj.-f
hours at room temperature. et

e

ﬁ Use of a lubricant exhibiting a higher threshold oxidation a

|
| temperature (H32 ~ 800°F vs WSe, ~650°F) doee alleviate this problem.
|
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% In Run #189, the seme type of bearing system operating under identical
load-speed-temperature conditions but using a WS2/GaIn-Cu-w retainer E

f‘ suffered the following weight changes after 2 hours operation:

5 inner race =0.002 gms ?§

i outer race =0.001 gms .

balls (8) -0.029 gms

K

! To summarize the above discussion, experimental evidence indicates b

N (and logic supports) the argument that as operating temperature increases

in an air environment, the lubricant in any bearing system is required
to handle an increasingly difficult lubrication Jjob. At some point-

8
:; characteristic of the lubricant in use-the temperature reaches the g
" lubricant's threshold oxidation temperature. If operating temperatures
:§ then exceed this level by a substantial margin, the lubricant's effect- @
. iveness deteriorates even more rapidly and, in the case of composites =
:'* is generally reflected by increased wear of itself due to the greater M
:' demands forced upon it. Attempts to impart to the composite greater
: wear resistance or mechanical strength through the use of metal fillers - oo
‘ although successful in themselves - run the risk of further reducing
the materialt's effectiveness as a lubricant. This 1s reflected not by
Es composite wear but rather by bearing component wear, which in turn
4 precipitates composite wear.

From the results of Run #204, Table VIII, it will be noted that the
, life of a 204 system operating at 900°F and 10600 rpm was increased to
] 35 hours during the last reporting period. The bearing carried a load
0y of 50 1b thrust/SO 1b radial, and was equipped with a LL shrouded WSea/
‘ Galn retainer that had received a post-machining sosk of 3 hours at
Y 1030°F.
Runs #207 through #210 were performed on the 207 bearing system at
¢ temperatures ranging from 75°F to 900°F. In Run #208 it will be noted
| that the test program has successfully completed another major milestone
A by achieving a 105 hour life on a 207 system operating at 600°F and
g 10,600 rpm. The bearing was equipped with a LL shrouded wSee/GaIn
retainer and carried a 50 1bv thrust/SO 1b radial load. Nine titanium
carbide balls were used in place of the M=2 tool steel balls with which

10
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the bearing was originally equipped. A second 60001?I test on this bearing 7
system (Run #210), operating under a load of 100 1b thrust/150 1b radial, =

provided a life of 50 hours before cage failure. In both cases bearing i
performance was quite smooth throughout the test. In Run #209 a 207 E:?:,
bearing, again equipped with the LIL, WSea/GaIn retainer, operated for l"‘
a period of 38 hours at 900°F before cage failure due to pocket wear. &
It is interesting to note that this 900°F performance of the 207 system R
1s slightly better than that of the smaller 204 system. b
In the writers' opinion, the successful, long-term operation of £

the 207 bearing system at both 600 and 900°F has now further extended
the state-of-the-art of self-contained, solid lubricated ball bearing .'é:‘
systems for high speed-high load applications. ;:‘:
Table IX presents the results of functional tests performed at —
900°F on the initial series of composites employing various fillers in ,‘
low concentrations. Friction-wear screening tests at 900°F had indi- ?"
cated that these composites possessed greater wear resistance than the '
unfilled WSe2/GeIn composite. While bearing life in some cases approached -
that of the WSez/GaIn composite, no improvement in life was obtained. -
In two tests (Runs #218 and #219) an indication of chemical interaction f.f.' .
between the filler and the basic composite was observed. Additional 4 -
work is required in this area before it is determined if any advantage __.
lies in this approach. Again, however, these results emphasigze the :\:
importance of obtaining functional test data to support bench screening ::::;
tests. it
W

III. CONCIUSIONS R
The following conclusions are drawn from experiments performed during §

the past quarter: 0
l. No advantage has been found in substituting metals other than l
tungsten in copper-tungsten filled composites. The metals investigated ‘;'
were tantalum, molybdenum and silver. '!::3;6
2. Metal filler blends incorporating nickel as one of the filler ‘.::i;"
components suffer severe oxidation at 1000°F. Z'f,f.
g
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3. A maximum synthesis temperature of 1380°F (750°C) for WSe,,
appears to be close to optimum with regard to the gallium/indium treat-
ment.

4, The wear resistance of WSez/GaIn specimens prepared for
evaluation on the Hohman apparatus is not representative of the wear
characteristic of a machined retainer unless a coating formed on these
specimens during the firing cycle is removed. The depth of penetration
of this coating is a function of fabricating pressure (porosity).

5. Bench screening tests indicate that low filler concentrations
of 2% to 5% (wt) substantially improve the high temperature wear resis-
tance of the WSee/GaIn composite. These fillers include Cu, Ag and
CaF,.

6. The operating life of the 204 system at 10600 rpm in a 900°F-
air environment has been increased from approximately 20 hours to 35
hours. The bearing carried a load of 50 lbs thrust/SO lbs radial.

T. Three major milestones have been achieved through the long-term
operation of a 207 size bearing at 10,600 rpm and high temperature.

These are:
a) 105 hours at 600°F under 50 lbs thrust/50 1lbs radial
b) 50 hours at 600°F under 100 1bs thrust/150 lbs radial

c) 38 hours at 900°F under 50 1bs thrust/50 1lbs radial

IV. FUTURE WORK

During the next reporting period functional testing will be com-
pleted at 90C°F on the 204 and 207 size systems. Evaluation of the
performance of 206 - Stellite bearings at 1200°F and 204 Kentanium
bearings at 1500°F will also be completed.

REFERENCES

l. Boes, D. J. and Bober, E. S., "Solid Film Iubrication Research,"
Fifth Quarterly Progress Report, March, 1967.
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Table I

! o
EFFECT OF METAL FILLERS ON wse*/caxn COMPOSITE STRENGTH '5'533

Composition Compressive

wt % : Strength —

) o iy
| 90 Ws,/GeIn - 5Cu- 57Ta 18750 ;g
4 ' - " . S5Mo 18850 30
" - " - S5Ag 20400 -
%

: 80 Ws,/GaIn - 10 Cu - 10 Ta 20800 %
l )

a " - " -10Mo 18350 i
[ " oo - 10 Ag 19250 '::,
K} * [
90 WSZ/GaIn - 5N - 5W Delaminated during 1000°F [

:. n - " - s Ta- sure %;.‘;v
{”. 1" - u - 5 Mo 1 ‘E:’;’
2 " - " - 5 AS ] :.':2
o ¥ Y
80 WS /GaIn - 10 Ni - 10 W Delaminated during 1000°F
(¥R
E - " -10Ta gure s
« o
! " - "  -10Mo " i
v 08
" - " . 10Ag 12300 ot

N .
50 WS,/oaIn" - 6-2/3 Cu - 3-1/3 W 12950 o
" - 7-1/2Cu - 2-1/2 W 24550 el

) S
i " - 3-1/3Cu - 6-2/3 W 16300 .t%:
" - 2-1/2Cu - T7-1/2 W 17350 e
. e
»* q
B WS,, Aunealed @ 750°F; Ball-milled 30 minutes. s
A .:é'_o
** kY
. 80% WS, - 20% GaIn (75% Ga - 25% In). ,Q
K . Wt
0 Note: All pellets pressed at 50,000 psi - Room Temperature. ::;E:i
R

: XN)
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Table II

EFFECT OF Cu AND Cu-W FILLERS ON SOLID LUBRICANT-
GALLIUM/INDIUM COMPOSITES

Composition Fabricating Compressive
wt ﬁ Pressure - psi Strength
90 WS,/Galn” - 10 Cu 25000 15300
" 50000 21000
" 75000 21850
" 100000 19800
90 WSez/GaIn** - 10 Cu 25000 Pellet delaminated
" 50000 20800
" 100000 15000
90 ws2/GaIn* -5Cu-5W 25000 18000
" 50000 18700
" 75000 15800
" 100000 16150
90 WSee/GaIn -5Cu-5W 25000 27950
" 50000 28650
" 75000 17300
" 100000 ' 18700
90 Ws,/GaIn" - 5Cu - 5W 25000 9850
" 50000 12350
" 75000 13600
" 100000 15450

" 80 WS, - 20 GaIn (75 Ga - 25 In) wt %

X, #* 80 WSe,- 20 GaIn ( " ) "

2
" #% 85 WS, - 15 GaIn ( " ) "
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TABLE V

WSeQ/GaIn PERFORMANCE AT 90CCF UNDER HIGH SPEED CONDITIONS
2550 fpm - 3 1b Line Contact on 1/4" Face

Material Description

Test  Synthesis-°F  Ball-Mill  Specimen Source  Cure-°F u  Scer-mm
min
B 1 1380 60 Block#* 930 0.15 > 15
. 2a 930 30 Block 1030 0.17 3-1/2
% b " " Opposite side- " 0.13 3-1/)4
: Block #2
3a 930 15 Block 1030 0.15 3-1/2
@ b " Block #3 + Ut hrs- 1200 0.16 5-1/2
1200°F
:3 4 1380 15 Block 1030 0.15 4
5 930 60 204 Ring** 1030 0.15 > 15
6 930 60 Same ring as #5 1030 + 0.15 > 15
B bk hrs at
b 1200
o T 930 60 Outer surface - 1030 0.15 > 15
H ring #5
8 1380 90 207 ring** 930 0.1T > 15
g‘ 9 1380 90 Same ring as #8 930 + 0.15 > 15
Y 4 nrs et
1030
' 10 930 90 Block 1030 0.15 4
11 930 90 Block 930 0.16 4-1/2
@ 12 1380 90 Block 1030 ———— 3-1/2
13 1380 90 Block 930 0.17 5-3/4
e
1/2" x 5/8" x 1/u"
ﬁ * 1.6 0.D. x 0.8" I.D. x 3/u"
ﬁ "% 2.25" 0.D. x 1.625 I.D. x 3/4" ¢
h "'
“ Coefficient of Friction :‘..;:
W,

-
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Test

1k
15
16
T
18
19
20
21
22
23
2L
25
26
27
28

WSeE/GaIn PERFORMANCE AT 900°F UNDER KIGH SPEED CONDITIONS

TABLE VI

2550 fpm - 3 1b Line Contact on 1/L" Face
Materisl Description

Synthesis-oF

Ball-Mill

Specimen Source -

Cure-oF

930
1380

930

min

30

15

204 ring

204 ring

"

#18 test block with face sanded down

1/16"

#12 test block with face sanded down

1/16"

u = Coefficlent of Friction

9
ub %y l i g 0\, " ‘i,' ’1‘~'l"\'i ." ;.l """I,Q.i".::|

l‘ "| \3|
5
‘l \. “ 0.

e ;
"s"' A‘. W u"'\:“t' o

DR
( Sty
)% Sty
og':)l'ti ‘\ ' .,";?‘T; i‘_

43,000-10
zin
43,000-10
min

43, 000-No
hold
21,000-10
min
14,500-No
hold

25, 000-No
hold
35,000-No
hold

48, 000-No
hold

60, 000-No
hold
11,500-No
hold
15,300-Ko
hold

19, 000-No
hold
23,000=-No
hold
25,000

25,000

e

0,9 e v # a

0.18
0.16
0.15
0.17
0.1k
0.15
0.19
0.14
0.16
0.06
0.11
0.14
0.20
0.16
0.16

Scer-mm

> 15
> 15

> 15

3-1/2

3-1/2

10-1/2
> 15
> 15
> 15
15
13
14
16
16
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TABLE VII

900°F WEAR RATE OF VARIOUS COMPOSITES UNDER HIGH SPEED CONDITIONS

bAs

2550 fpm - 3 1b Line Contact on 1/L" Face

Msterial Composition Specimen Fabricating
Wt % Source Pressure-psi " Scar-mm
:\% 80 WS, - 20 Geln 204 ring 43,000 psi-No hold 0.20 Ly ‘
. F " 204 ring 21,000 psi-10 min 0.11 L '
, a " Block 25,000 psi-No hold 0.16 3
90 WSe, GaIn-5 Cu-5 W 204 ring 43,000 psi-Hold 0.04 h-1/2
" Block 25,000 psi-No hold 0.20 3-3/4
;- 90 Wse, GaIn-10 Cu 204 ring 43,000 psi-Hold 0.1k 3-1/2
‘ " Block 25,000 psi-No hold 0.13 4
95 WSe, GaIn-5 Cu Block 25,000 psi-No hold 0.05 L
G " Same block with 1/16" face 0.03 b
b ' removed
" & p = Coefficient of Friction
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1S2)

194

195

7' ®

198

07
208
209

210

Load-1b Temp.
Thrust Radial °F
50 50 900
50 50 900
25 25 900
50 50 75
50 50 900
15 50 900
50 50
%5 50 %00
50 50 900
50 50 $00
50 50 900
50 50 900
50 50 900
50 50 900
50 50 900
50 50 900
50 50 900
50 50 900
50 25 900
50 50 900
50 50 75
50 50 600
50 50 900
100 150 600

Life
Hrs.

0.1

362
2.3

3.6

12
0.7

0.7

5.5

6.5

35

21

17

105

38

50

TABLE VIII—FUNCTIONAL TEST RESULTS - 10,600 RPM
204 BEARING SYSTEM

Ball
No.

8-M2
8-m2
8-M2
8-M2
8-M2

M2
7-M2

1-m2
8-m2

7-M2
7-M2
7-M2
7-M2
7-M2
M2
8-M2

M2
8-M2
M2
8-M2
9-TiC
9-TiC
9-TiC

9-TiC

Cage Cage

Tye it
LL Lo -
L Lo
tL L10
LL Lo
L L0+~

Insert L10°°

Insert L1g=-

Insert L10~~

LL
LL
Ll
tL
uw
L
L
LL
LL

Lt

LL

LL

Lo~
L10°*
L10°-
Li0°«
Lo~
L0~
Lig-~
L10>-

Lip~-

110 -

L10°-

Lo

Cage Composition - wt %
80WSez/GaXn~10Cu-l(NV
80WSZ/Galn'IOCu-10W
BOWSZ/GaIn'IOCu-IOW
&)WSezlGaIn'IOCU'I(M
c)O‘JVSZ/GaIn-5(:u-5W
BOWSZ/ZOGaIn Ring
90W52/Galn'SCU‘5W Inserts
&MSZIZOGaIn Ring
B(MSZ/GaIn'lOCU‘IOW Inserts
90WSz/Galr]:§Cu-5W
90W52/Galn'5CU'5W
85WSe2/Galn'15Ta
S(MSZIGaIn-lOWSeZIGaln-SCu-SW
90WSe2/GaIn'SCu-5W
90W5e2/GaIn-10Cu
90WSZ/GaIn'IOCu
BOWSZ/GaIn'lUWSeZIGaIn'SCU'SW
Q(MSZ/GaIn'lOCu

BOWSeZ-ZOGaln

(3 hr soak at 1030°F after machining)
80WSeZ/20(;aln

{24 hr soak at 1030°F after machining)
BOWSeZIZOGaIn

{72 hr soak at 1030°F after machining)
wWSeZIZOGaIn (Commercial WSez)

207 BEARING SYSTEM

w

LL

L

L

Lig-:

L10"

Lo

Lo

S(MSeZIGaln

{3 hr soak at 1030°F after machining)
BOWSeZIGaln

(3 hr soak at 1030°F after machining)
8(MSe2IGaln

(3 hr soak at 1030°fF after machining)
80WSe2/GaIn

(3 hr soak at 1030°F after machining)

Failure Mode oy

Bearing Wear - Rough Operaticn

Rough Operating - Stopped for Inspection

Cage Fracture

Cage Fracture

One Pocket Bridge Cracked - Rough Operation ;

Insert Fracture

Insert Fracture E

Insert Fracture
High Wear - Cage Fracture

Pocket Wear
Cage Fracture - Wear
Pocket Wear

Cage Instability - Pocket Wear

—
Pocket Wear ﬁ

Cage Fracture

Cage Fracture {g

Pocket Wear-Fracture

)
Pocket Wear-Fracture !
Pocket Wear-Fracture @

Pocket Wear-Fracture

Cage Instability - Very Light iz,

Pocket Wear

Wear and Cage Fracture g

Wear and Cage Fracture

Wear and Cage Fracture R
Y

Bearing components other than cage previously operated for 1100 hours - 75°F - 3400 rpm ~ 100 Ib T/100 b R

* LIOFit - 0.020" Clearance between ball and pocket - 0. 018" Clearance hetween cage & inner race

" 85W52/lSGaln

(a) Cage width increased from 0. 550" to 0. 750"'
{b) Cage width = 0.600"
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